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Normal renocortical blood flow in experimental acute renal fail-
ure. Renal cortical blood flow of rats with postischemic, myo-
hemoglobinuric, and mercury-induced acute renal failure was mea-
sured by the hydrogen washout technique using implanted
platinum electrodes. Total renal blood flow was determined by
venous cannulation in separate series of rats. The values obtained
with the two methods were in excellent qualitative agreement (r =
0.99, P < 0.001), although venous cannulation gave values that
were constantly lower than those calculated for whole kidney from
the cortical flow rate and assumed cortical mass. Myohemoglobi-
nuria produced by glycerol injection caused cortical blood flow to
fall from a control value of 7.37 0.23 (sEM) mI/mm X g of cortex
to approximately one-half that value for four hours after injection
(P < 0.001). Flow rates 12 and 24 hr after glycerol injection were
85% (P < 0.001) and 90% (P < 0.05) of control, respectively.
Cortical flow was reduced to 5.49 0.39 (sEM) mI/mm X g of
cortex four hours after release of one hour's total bilateral renal
arterial occlusion (P < 0.001), but rose to normal within 24 hr.
Poisoning with 4.7 mg/kg of body wt of mercuric chloride pro-
duced a cortical blood flow value that was 30% higher than control
24 hr after injection (P < 0.01), while a 12mg/kg of body wt dose
gave a normal flow value. Inulin clearance was severely depressed
in all models at all study times. Thus, in contrast to human acute
renal failure, marked renal cortical ischemia is not an essential
feature of these different forms of murine acute renal failure.
Debit sanguin renal cortical normal au cours de l'insuflisance
rénale aiguë expérimentale. Le debit sanguin renal cortical de rats
atteints d'insuffisances rCnales aiguës expCrimentales post isché-
mique, myoglobinurique ou induite par le mercure a été mesuré
par Ia technique du "washout" de l'hydrogène a l'aide d'électrodes
de platine implantCes. Le debit sanguin renal total a été déterminé
par canulation veineuse dans des groupes de rats distincts. Les
valeurs obtenues par les deux méthodes montrent un excellent
accord qualitatif (r = 0,99; P < 0,001) bien que les valeurs ob-
tenues par canulation veineuse sont toujours inférieures a celles
calculées, pour Ic rein entier, a partir du debit cortical et de Ia
masse rénale présuméc.La myoglobunurie produite par l'injection
de glycerol determine one diminution du debit sanguin cortical
d'une valeur contrôle de 7,37 + 0,23 (sEM) mI/mm X gde cortex a
Ia moitié, approximativernent, de cette valeur pendant quatre
heures après l'injection. Les debits 12 et 24 hr après l'injection de
glycerol sont respectivement de 85% (P < 0,001) et de 90% (P <
0,05) des eontrôles. Le debit cortical est réduit a 5,49 + 0,39 (sEM)
mi/mm X g de cortex 4 hr après Ia levee d'une occlusion artCrielle
bilatérale totale d'une durée d'une heure (P < 0,001), mais il
Received for publication August 23, 1976;
and in revised form October 28, 1976.
1977, by the International Society of Nephrology.
246
revient a one valeur normale en 24 heures. L'administration de
HgC12 a raison de 4,7 mg/kg poids corporel determine un debit
cortical supérieur de 30% a Ia valeur obtenue 24 hr après
l'injection. Une dose de 12 mg/kg poids corporel ne modifle pas Ic
debit. La clearance de l'inuline est notablement abaissée dans tous
ces modèles a. tous les temps de l'étude. Ainsi, a Ia difference de
l'insuffisance rénale aiguë humaine, une ischémie rénale corticale
importante n'est pas un caractère essentiel de ces différentes formes
d'insuffisance rénale aiguë murine.
Markedly reduced renal cortical blood flow has
been found in several studies of human subjects with
acute renal failure [1—81. The observed 50 to 70%
fall in blood flow, if due largely to increased pre-
glomerular vascular resistance, must lower glomerular
capillary pressure below that needed to sustain ade-
quate filtration [91. Angiographic studies have docu-
mented obvious attenuation of the preglomerular
vascular tree [5, 6], and thus, have illustrated the
likelihood that depressed filtration pressure is indeed
largely responsible for the renal failure of such
patients. In the rat with glycerol-induced myohemo-
globinuric acute renal failure, Ayer et al [9] and
Chedru, Baethke, and Oken [10] in this laboratory
also found severe renal cortical ischemia which,
in and of itself, could explain the near cessation
of filtration documented in renal micropuncture
studies [11—15]. Peritubular capillary blood flow
observed microscopically in the course of those mi-
cropuncture studies also was distinctly reduced for
several hours after the onset of renal failure [9], but in
contrast to the quantitative measurements just cited
[9, 10], became indistinguishable from normal within
24 hr of injection [9]. Recently, Hsu and co-workers
[16] have published data which indicate that the renal
cortical blood flow of rats with this same type of
acute renal failure is essentially normal, and well
maintained whole kidney blood flow has been found
in other murine acute renal failure models [17—23]. If
renal cortical ischemia is not a necessary feature of
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experimental acute renal failure in the rat, the rele-
vance of such models to man is open to serious ques-
tion. Accordingly, the renal cortical blood flow of
rats with three commonly studied forms of experi-
mental acute renal failure has been reexamined.
Methods
Female rats (Sprague-Dawley, COBBS® strain,
Charles River Breeding, N. Wilmington, MA),
weighing 183 to 248 g, were placed in individual
metabolic cages 48 hr prior to study. They were
weighed daily, and a 0.2-mi tail vein blood sample was
obtained on the day before study for measurement of
baseline blood urea nitrogen concentration (BUN)
by an autoanalyzer method. The animals had contin-
uous access to Purina® rat chow and drinking water.
Renal cortical blood flow was determined from the
rate at which inspired hydrogen gas, measured with
implanted platinum electrodes [10, 24—261, dis-
appeared from the renal cortex. Small, but impor-
tant, changes were made in the technique used pre-
viously in this laboratory [10], the most critical
relating to the depth at which the platinum electrodes
were placed within the cortex and the substitution of
a potassium chioride-agar bridge and calomel elec-
trode for the subcutaneously imbedded steel needle
used formerly to complete the circuit. Two 10-cm
long, 0.004 inch, enamel-coated platinum wires (Sig-
mund Cohn Wire Company, Mt. Vernon, NY), with
the terminal 1.5 mm of insulation stripped, served as
the measuring electrodes.
The animals were placed on a heated table, and
their body temperature was monitored with a rectal
thermistor probe system (Yellow Springs In-
struments, Yellow Springs, OH). The femoral artery
and a contralateral femoral vein tributary were can-
nulated for the measurement of mean arterial blood
pressure and the administration of i.v. fluids. The
bladder was catheterized per urethram with a 2-cm
long PE-40 polyethylene catheter inserted into PE-90
tubing which drained into a preweighed 1-mi plastic
beaker. The dorsal surface of the left kidney was
exposed through a paraspinal retroperitoneal incision,
and two platinum electrodes were gently inserted at a
30 to 45 degree angie so that the uninsulated portion
entered the cortex to a depth of 1 to less than 1.5 mm.
The incision was then closed around the protruding
wires with small surgical clips. Except for studies on
awake rats, electrodes were not anchored to sur-
rounding tissue as before [10]. After a 30-mm stabili-
zation period, blood flow measurements were under-
taken by having the animals, now in the semiprone
position, breathe 2.1% hydrogen in air for approxi-
mately five seconds. Tissue hydrogen concentrations
were measured amperometrically at the two widely
separated intracortical sites by using paired miliimi-
croammeters (Keithiey Instruments, Model l5OA) at
a sensitivity of 30 mA full scale. The balancing circuit
described by Neely et al [25] and used in this labora-
tory previously [10] was eliminated from the circuit.
The current generated in response to hydrogen in the
environment of the electrodes was recorded on a
Varian Model Gil electronic recorder with a chart
speed of 8 inches/mm or a dual writer (Texas In-
strument) with a chart speed of 12 inches/mm. Each
hydrogen decay curve was continued until it was
ascertained that the initial and final baseline values
were identical. The half-time of hydrogen desatura-
tion was determined from graphic analysis of the
current decay curve; the cortical blood flow rate
(mI/mm x g of cortex) was calculated from this value
using the rate equation CBF = 0.693/t½. Only those
curves showing monoexponential decay for two half-
times or more were considered suitable for analysis; a
rare experiment was discarded on this basis.
To determine the effect of changing the depth of
electrode insertion on the blood flow values obtained,
paired electrodes were inserted into the kidney cortex
of four control rats. One of each pair was situated less
than 1.5 mm, and the second, 1.75 mm to 2 mm below
the surface. Blood flow was measured as above, and
the values were compared.
Giomerular filtration rate was determined from the
clearance rate of 14C-inuiin (New England Nuclear
Corporation, Cambridge, MA). A i5tCi priming
dose of '4C-inuiin was injected in 0.5 ml of 150 mM
saline. Inulin in saline, 30tCi/ml, was infused contin-
uously thereafter at a rate of 0.0375 mI/mm in nor-
mal animals and 0.01 ml/min in animals with renal
insufficiency in an attempt to maintain a nearly con-
stant plasma inuiin concentration. Thirty minutes
later, complete bladder emptying was assured by
manual compression, and two 30-mm ciearance peri-
ods were begun. Cortical blood flow was measured
five times or more with each electrode during the
subsequent hour. Samples of blood, 20 to 50zl, were
collected from the tail at the beginning, mid-point,
and end of each clearance period for 14C-inulin assay.
Two-microliter samples of plasma and urine were
counted in duplicate in a liquid scintillation counter
(Nuclear Chicago), and glomerular filtration was de-
termined from the plasma concentration and timed
urine excretion of '4C-inulin.
The location of the platinum electrodes was
checked on completion of blood flow and clearance
measurements by heating the free end before ex-
posing the kidney. The abdomen was then opened,
the renal artery and vein clamped; and the kidneys
were excised, weighed, and cut sagittally to identify
the cauterized track marks. Because of changes in
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body weight after the onset of acute renal failure,
kidney weight was expressed as a function of the
animals' baseline weight. In certain experiments the
kidneys were reweighed after blood had been allowed
to drain from the renal artery and vein for a period of
precisely two minutes to obtain an estimate of the
draining blood volume.
As a qualitative guide to the validity of the hydro-
gen washout method, total renal blood flow of sepa-
rate groups of rats was measured by direct renal vein
drainage after cortical blood flow measurements had
been made. The left renal vein was exposed through a
small abdominal incision, and its junction with the
vena cava was carefully dissected to permit the place-
ment of slack circumferential loops of 5—0 merselene
suture. The ovarian vein was occluded, the abdomi-
nal incision was closed, and a cannula was placed in
the femoral vein. The animals were allowed to re-
cover from surgery for 15 to 20 mm, during which
time 1 ml of 150 m saline was infused to replace
fluid lost during the operation procedure. The ab-
dominal clips were then removed, the renal vein re-
exposed, and a small transverse incision was made in
the right body wall to facilitate a transverse approach
to the renal vein. A 16-gauge "butterfly" needle was
inserted into the renal vein as close to the vena cava
as possible, and the ligature was rapidly tied. The
shed blood flowed freely into a preweighed, shallow
plastic dish for a precisely timed 2-mm period, after
which the needle was removed and residual blood in
the tubing drained into the collection dish. The end of
the cannula was kept at, or slightly above, the level of
the renal vein throughout the period of drainage.
Blood obtained from normal, heparinized donor rats
and maintained at 37°C was infused through the
femoral vein catheter throughout the period of blood
flow measurement. The volume of blood adminis-
tered was predetermined from blood flow values ob-
tained with the hydrogen washout method, assuming
the outer cortical mass to be 66% of whole kidney wt
and cortical blood flow to be 90% of total RBF. Total
renal blood flow was determined from the weight of
the collected blood divided by 1.052, the specific
gravity of whole rat blood [27].
Myohemoglobinuric acute renal failure was in-
duced by injecting 10 ml/kg of body wt of 50% glyce-
rol in water in divided doses into the muscles of the
hind limbs [11]. Clearance and cortical blood flow
measurements were made, as described above, 1½, 4,
12, or 24 hr after glycerol was injected. The rats had
free access to food and water in the interval period.
Acute renal failure was produced in other series of
rats by subcutaneous injection of 4.7 mg/kg or 12
mg/kg of body wt of mercuric chloride in I ml/kg of
body wt of isotonic saline solution, and studies were
performed 24 hr or 48 hr later. Another group was
subjected to one hour's bilateral renal arterial occlu-
sion. For this procedure, the animals were anesthe-
tized with 35 mg/kg of body wt of sodium pentobar-
bital injected i.p. The kidneys were exposed through a
midline abdominal incision, and the perirenal fat was
ligated and excised to eliminate the capsular collat-
eral circulation. To reduce the possibility (however
remote) of producing vascular injury with an occlu-
sive clamp, arterial occlusion was achieved by ex-
erting gentle traction on the renal artery. For this
purpose, a length of 5/0 silk thread was placed be-
tween the renal artery and vein near the aorta with
due care to avoid stripping of the adventitia and
disrupting the renal nerves. Platinum electrodes were
placed temporarily in the ventral surface of each kid-
ney to assure the total absence of blood flow during
the period of arterial occlusion. The abdominal in-
cision was closed around these electrodes, and each
animal received 500 U/kg of body wt of liquid hepa-
rin (Liquaemin®). Cortical blood flow was measured
initially to ensure proper placement of the platinum
electrodes, Both renal arteries were then occluded by
exerting gentle traction on the silk thread away from
the renal vein, and total ischemia was documented at
10-mm intervals by the absence of hydrogen uptake
in the kidney cortex. To serve as additional controls,
a group of animals was subjected to identical prepa-
ration, except for the omission of the renal artery
occlusion.
Renal cortical blood flow and GFR were measured
in different groups of rats within the first hour, and 4,
12, or 24 hr after releasing the arterial constriction,
Studies of rats in the first group were begun approxi-
mately 30 mm after restoration of blood flow, during
which time the final measuring electrodes were placed
through a dorsal incision, and inulin infusions were
begun (see above). Animals studied four hours after
ischemia had been terminated received an infusion of
150 mM saline solution equal to the volume of urine
produced in the interval period. Electrodes were in-
serted 3 to 3½ hr after the restoration of blood flow,
the rats were prepared for inulin clearances, and an
additional 5 to 10 mg of sodium pentobarbital was
injected iv. to ensure an adequate depth of anes-
thesia. Animals studied 12 and 24 hr after the arterial
constriction were given saline infusions equal to the
volume of urine produced prior to recovery from the
initial anesthesia and were allowed free access to
drinking water thereafter. Normal body temperature
was maintained until the animals were too alert to
tolerate the rectal thermistor probe.
Statistical analyses were performed according to
Snedecor [281. Except where stated, all values given
represent the mean SEM.
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Results
Normal values. Renal cortical blood flow, measured
as outlined above, in a preliminary series of 59 nor-
mal rats averaged 7.39 0.07 mI/mm X g of cortex,
a value some 37% higher than that obtained by
Chedru et al [10] in this laboratory before refinement
of the technique. Series performed for purposes of
this study (Table I )were not different from the aggre-
gate mean or each other (P > 0.2 or higher). The
mean difference in flow between paired electrodes
was 5.4 + 0.2% (N = 18). The mean coefficient of
variation in each electrode measuring flow in quin-
tuplicate was 2.9 0.3%. The mean cortical blood
flow rate of seven unanesthetized control rats, 7.13
0.44 mI/mm X g of cortex, was not different from
that of any of the subseries of anesthetized animals (P
> 0.20 or higher). As shown in Table 2, intact (un-
drained) kidney wt of normal animals was 0.5
0.0 1% of body wt. Drained for precisely 2 mm, the
kidneys of six rats weighed 22 1% less than when
a Measured on separate series of rats.
' Statistically significant difference from control, P
mean + I SEM.
clamped (P < 0.001). Blood flow measured by quan-
titative collection of the left renal venous effluent of
five normal rats averaged 2.02 + 0.12 mI/mm X lOOg
of body wt. Measured after venous cannulation and
blood flow measurement, the undrained kidney
weight of 0.45 0.01 g/lOO g of body wt was signifi-
cantly lower than that of other control animals (P <
0.001). Total blood flow thus averaged 4.49 0.27
mI/mm X g of kidney. Assuming the mass of the rat
renal cortex to equal two-thirds of total kidney wt
and the cortical flow to be 90% of the total blood
flow, cortical flow rate is calculated to be 6.12 0.37
(sEM) mi/mm X g cortex. This value is 16% lower
than the 7.25 0.38 mI/mm X g of cortex cortical
blood flow rate measured in the same kidneys with
platinum electrodes (P < 0.001) just prior to the
venous cannulation. The glomerular filtration rates
of all series of normal control rats approximated 1
mi/mm >< 100 g of body wt (Table 1). Four elec-
trodes placed 2 mm deep into the cortex gave a mean
flow rate of 5.99 0.8 ml/min X g of cortex, a value
Table 1. Changes induced in the course of experimental acute renal failure
Undrained Venus Cortical Corrected
kidney wt effluent" blood flow blood flow C,/ 100 g
Number Body wt BP g/100 g mI/mm .100 g mi/nun g pI/rnin g of body wt
of rats g mm Hg of body WI ofbody WI of con cx of con cx mi/rn/n
Glycerol
Control 9 206 + 9 102 + 3 0.540 0.008 2.02 0.12
N=5 7.37 + 0.23 1.09 0.15
1 '/2 hr 9 238 + 7 110 + 2 0.588 + 0.013" 0.81 + 0.07"
N=5
3.51 0.28" 3.70 + 0.32" 0.12 + 0.07"
4hr 12 210 + 3 105 + 2 0.564 + 0.012 1.28 ÷ 0.11"
N=5
4.61 ÷ 0.23 4.73 +l0.24b 0.04 + 0.02"
l2hr 9 208 6 99 + 4 0.636 + 0,021" 1.67 + 0.08"
N=5
5.79 + 0.16" 6.34 022b 0.26 + 005"
24hr 9 225 + 8 94 + 2 0.634 0.024" 1.76 + 0.07"
N=5
6.08 0.28" 6.66 + 0.33" 0.16 0.10"
Control II 211 + 6 108 4
Ischernia
0.528 + 0.010 — 7.63 + 0.30 1.04 + 0.09
Sham 7 208 + 5 96 2 0.530 + 0.010 — 7.14 0.27 0.78 0.08"
1 hr 12 214 + 6 105 + 3 — — 5.90 + 0.38 6.73 0.53 0.03 0.01"
4hr 6 218 + 6 99 + 4 0.632 + 0.056" — 5.75 + 0.43 6.18 0.39" 0.01 0.00"
12 hr 6 211 4 101 5 0.588 + 0.046 — — 5.89 0.36" (0.02, 0.01,
N = 2)
24hr 8 209 + 4 93 2" 0.630 + 0.057" 2.07 + 0,17
N=5
6.74 + 0.35 7.92 0.45 0.03 + 0.02"
Control 8 209 + 5 105 + 3
Mercuric chloride
0.537 + 0.011 — 7.53 + 0.32 1.00 + 0.10
4.7mg/kg of
body WI
24hr 8 215 + 6 102 + 2 0.687 + 0.027" 2.28 + 0.17"
N=6
8.37 0.32 10.65 + 0.27" 0.08 + 0.03"
N=7
12 mg/kg of
body wi
24hr 7 214 + 4 91 + 3" 0.601 + 0.039" — 6.57 + 0.23 7.36 + 0.64 (0.01, N = I)
48 hr 6 202 + 5 87 3b 0.584 + 0.039 — 7.30 0.33 7.98 0.55 —
< 0.05 or below. Body wt is that obtained in the control state. All values represent
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20% lower than that of more superficially placed elec-
trodes in the same kidneys (P < 0.01) and not statis-
tically different from that obtained in an earlier study
(P > 0.2) [10].
Mercuric chloride. Kidney wt of rats injected with
4.7 mg/kg of body wt of mercuric chloride 24 hr
earlier was 0.687 0.027 g/lOO g of body wt, 28%
higher than control (P < 0.001). Corrected cortical
blood flow was 10.56 + 0.27 mI/mm X g of cortex
(Table 1), a 33% rise above the control value of 7.53
0.32 mI/mm X g of cortex (P < 0.001). Despite
this supernormal blood flow rate, the inulin clearance
of seven rats was only 0.075 0.025 mI/mm X 100 g
of body wt. The eighth rat was virtually anuric. Al-
though the percent of weight loss during kidney
drainage was normal (P > 0.1), the actual volume
drained was 15% higher than control (P < 0.02).
Total renal blood flow of a separate series of six rats
injected with 4.7 mg/kg of body wt of mercuric chlo-
ride 24 hr earlier averaged 2.18 0.11 mI/mm X 100
g of body wt, a value not different from control (P>
0,50). For reasons which are unclear, corrected cor-
tical blood flow of this same series, measured just
before venous cannulation, 7.62 0.14 ml/min X g
of cortex, was significantly lower than that of animals
not prepared for venous cannulation (P < 0.001) and
not different from control. The mean kidney wt of
this series was 1.205 0.047 g (0.59 0.021% of
body wt), statistically lower than that of other mer-
curic chloride-treated rats not subjected to venous
cannulation (P < 0.01). The percent of weight loss
after two minutes' vascular drainage (20 2%), how-
ever, was identical with that of other mercury-treated
rats.
Despite a reduced blood pressure of 91 3mm Hg
(P < 0.001), seven rats injected with 12 mg/kg of
body wt of mercuric chloride had a mean cortical
blood flow of 7.36 0.64 ml/min X g of cortex 24 hr
later; this value was indistinguishable from control.
Six rats were essentially anuric, precluding measure-
ment of inulin clearance. Kidney wt, 0.601 0.039%
of body wt, fell by 20 1% on vascular drainage.
Myohemoglobinuric renal failure. Renal cortical
blood flow, 7.37 + 0.23 mI/mm X g of cortex in nine
simultaneously studied controls, fell to one half of
control in 90 mm, rose slightly in the succeeding 2½
hr, and achieved a value some 86% of normal 12 hr
after the glycerol injection (Table I). Inulin clearance
fell 96% below control 4 hr after glycerol injection (P
<0.001), rose to one-fourth of normal in the succeed-
ing 8 hr, and was 13% of control 24 hr after glycerol
injection (P < 0.001). Kidney wt increased by 9% 90
mm after injection, and reached a maximum value
almost 18% higher than control in 24 hr. Drained of
blood for precisely 2 mm, the kidneys lost 6 1, 11
2, 20 1, and 20 2% of their weight 1½, 4, 12, and
24 hr, respectively, after glycerol injection. Both in
terms of percent change and the absolute volume lost,
only the 1 and 4 hr values were significantly lower
than the 22 1% loss observed in control rats (P <
0.00 1).
Blood flow measured by collection of renal venous
effluent paralleled the values obtained by the hydro-
gen washout method at each time period studied (Fig.
1).
Ischemic renal failure. Control renal cortical blood
flow in this series of 11 experiments was 7.6 0.30
mi/mm X g of cortex. That of twelve rats studied 35
to 65 mm after bilateral renal arterial occlusion was
6.73 + 0.53 mI/mm X g of cortex, a value not differ-
ent from 7.14 0.27 mI/mm X g of cortex obtained
on seven sham-operated rats studied in the same pe-
riod after surgery (P > 0.20). Giomerular filtration
rate (GFR) values were 0.03 0.01 mi/mm X 100 g
of body wt and 0.78 0.08 mI/mm X 100 g of body
wt in the two groups, respectively.
Corrected for an increase in kidney wt of 19.7%,
cortical blood flow four hours after the restoration of
the arterial circulation was 6.18 0.39 mI/mm X g of
cortex (N = 6). GFR was 0.12 0.002 mI/mm X 100
g of body wt. All rats were severely oliguric, but none
were totally anuric. Drained for two minutes, the kid-
80 100 120
Cortical blood flow, % of control
Fig. 1. The relationship between renocortical and renovenous blood
flow change after an acute renal failure challenge. The correlation
between the two measurements, expressed as percent of control
flow, is highly significant (r = 0.99, P < 0.001), although cortical
blood flow of animals prepared in this way is somewhat lower than
in rats not subjected to laparotomy for venous cannulation (P <
0.001, see text).
Blood flow in renal failure
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neys lost 15 1% of their original weight, a signifi-
cantly lower percentage and absolute volume than
control (P < 0.01).
Twelve hours after bilateral arterial occlusion, kid-
ney weight was 0.588 0.046% of body wt, and
corrected cortical blood flow was 5.89 0.36 ml/min
X g of cortex; this value was 19% lower than control
(P < 0.01) and 14% below the mean of the sham-
occluded control series (P < 0.05). Drained weight
was not measured. GFR was measurable in only two
of the six rats (0.019 and 0.003 ml/min X 100 g of
body wt), the others being virtually anuric.
Corrected cortical blood flow of seven rats studied
24 hr after bilateral renal arterial occlusion had re-
turned to a normal value of 7.65 0.60 mI/mm X g
of cortex (P > 0.5). Kidney wt was 0.630 0.057
g/l00 g of body wt and fell by 18 2% after drain-
age. This change in weight was not significantly less
than control (P > 0.10). All rats were severely oh-
guric but had measurable inulin clearances averaging
0.025 0.01 ml/min X 100 g of body wt. Blood flow
of five rats measured by venous cannulation was 2.07
0.17 ml/min X 100 g of body wt, a value in-
distinguishable from control.
Discussion
Glycerol-induced myohemoglobinuria, mercury
poisoning, and prolonged renal arterial occlusion are
among the most commonly studied experimental
models of acute renal failure [11—15, 19—21, 23,
29—35]. Although micropuncture studies have shown
filtration failure to be common to all three of these
models [11—15, 21, 29, 30, 32, 35], each displays fea-
tures which set it apart from the others. A gross rise
in proximal tubular hydrostatic pressure incriminates
tubular obstruction as a prime factor in postischemic
acute renal failure [21, 29, 36]. Obstruction also can
be demonstrated in low-dose mercury poisoning but
is associated with a minor rise in tubular pressure and
a peculiar feedback mechanism in which glomerular
filtration returns rapidly when obstructive debris is
washed from the tubule lumen [35]. High-dose mer-
cury poisoning [30] and glycerol-induced myohemo-
globinuria [11—15], by contrast, exhibit decidedly de-
pressed proximal tubular pressure which effectively
rules out a direct mechanical role of tubular obstruc-
tion in the genesis of filtration failure. The former,
however, shows frank and widespread tubular necro-
sis [37], while tubular injury is relatively mild in the
glycerol model [38].
The importance of preglomerular vascular con-
striction and renal ischemia is readily evident in hu-
man acute renal failure [7] but far less certain in rat
models where, as shown in Table 3, renal blood flow
Table 2. Kidney weight and renal venous drainages
Undrained Drained
kidney wt
g/IOOg of
volume
mi/IOU g of
bodywt %kidneywt bodywt
Control 0.540 + 0.008 22 1 0.119
4.7 mg/kg of
Mercuric chloride (24 hr)
0.687 0027" 20 1 0.137"
body wt
12mg/kg of 0.601 + 0.039" 20 + 2 0.120
body wt
90mm
Glycerol
0.588 0.013 6 1b 0035b
4hr 0.564+0.012 11+2" 0062b
l2hr O636+OO2l 20+1 0.127
24hr 0.634+0.024" 20+2 0.127
4hr
Ischemia
0.632±0.056" 15+1" 0095b
l2hr 0.588 + 0.046 — —
24hr 0.630 + 0.057" 18 + 2 0.113
All values represent mean I SFM. Body wt is baseline value.
Statistically different from control, P < 0.02 or below.
has been variously reported to be low, normal, or
supernormal. The difference in the published results
might reflect methodologic factors or true variations
in blood flow from model to model since there is no
reason to believe that the hemodynamic alterations
present in any one model are necessarily representa-
tive of the others. Additionally, since filtration is an
exclusive function of the cortex and redistribution of
intrarenal blood flow has been demonstrated in a
variety of conditions [39, 40], whole kidney blood
flow measurement might not accurately depict impor-
tant changes in cortical hemodynamics. We, there-
fore, have utilized a single technique to study the
renal cortical circulation in the three renal failure
models which have been most fully characterized by
renal micropuncture study.
In this protocol, renal cortical blood flow was mea-
sured by the hydrogen washout technique utilizing
implanted platinum electrodes [10]. Every available
method for the measurement of renal cortical blood
flow in acute renal failure has its disadvantages, and
the hydrogen washout technique is no exception. The
indirect Fick method of blood flow measurement on
which it is based has been criticized—rightly or
wrongly—on the grounds that the blood:tissue gas
partition coefficient may change with tubular injury,
that the "compartments" are not subject to precise
anatomic identification in the intact animal, and that
the flow value in any single compartment is derived
subjectively from curve analysis. These specific criti-
cisms do not apply to the hydrogen washout tech-
nique, since hydrogen is uniformly distributed [41];
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the compartment under study is defined anatomically
by the placement of the electrodes within the renal
parenchyma, and the precise monoexponential decay
curves obtained require no complex analysis. The
technique does carry the disadvantage, however, of
requiring surgical placement of the electrodes and the
possibility that local blood flow may be altered as the
result of tissue injury. In the present study, the elec-
trodes were inserted through a paraspinal, retro-
peritoneal incision with almost no manipulation of
the kidney. The wires used were only l00 in diame-
ter and, as reported earlier (10), produced a very
clean track with no significant bleeding. A second,
though minor, disadvantage relates to the fact that
this technique measures blood flow as a function of
the volume of perfused tissue (flow/mm X g of cor-
tex). If, therefore, the weight of renal cortex increases
for any reason, this method gives a value which, in
terms of absolute flow, is too low. In acute renal
failure where renal wt is indeed expected to change
acutely due to interstitial edema, blood flow values
are, therefore, subject to a weight correction. Only by
correcting for increased renal mass can blood
flow/mm X g of cortex be meaningfully compared in
normal kidneys and those of rats with varying de-
grees of interstitial edema as a result of acute renal
failure. As shown by the narrow SEM (Table I), the
weight of normal rat kidneys, expressed as a fraction
of body wt, is reasonably constant from animal to
animal, Thus, while a baseline kidney wt is not avail-
able for individual rats subjected to renal failure, any
change from normal can be estimated quite reliably.
For the purpose of this study, renal wt gain has been
assumed to occur throughout the kidney, although
one cannot readily determine the relative contribu-
tion of the cortex and medulla to the overall wt
Table 3. Blood flow values in acute renal failure in the rat
Author Method Model Time
Whole kidney
blood flow
Cortical blood flow
or comments
Arendshorst [21] Flow meter Arterial occlusion
(unilateral)
Ito 5 hr
22 to 26 hr
48% decrease
46% decrease
Supernormal after
volume expansion
Biber [191 PAH clearance
with extractions
HgCI2, 5 to 10mg/kg
K2Cr2O7, 7 to 15 mg/kg
3 days Essentially
normal
Jaenike [171 Diodrast clearance
with extractions
Methemoglobinuria 3 to 6 hr
24 hr
58% decrease
28% decrease
Supernormal with
volume expansion
3 days
7 days
Normal
Normal
Steinhausen [20] Microcine Isehemia 3 days Normal
Preuss [52] Microsphere Gycerol 3 hr 59% decrease
BlantL [22] Micropuncture Uranium, 15 to 25 mg/kg 2 hr Normal (single
nephron)
Eisenbaeh [23] Venous effluent
PAH clearance
Ischemia 3 days
3 days
10% decrease
58% decrease
Ayer [91 Xenon washout Glycerol 10 mm
2 hr
24hr
7 days
19% decrease
44% decrease
73% decrease
14% decrease
Marked cortical
ischemia throughout
Chedru [10] Hydrogen washout Glycerol 1 to 24 hr 70% decrease
1-Isu [16] Microsphere Glycerol 24hr
7 days
Normal
Ayer [18] Xenon washout Folic acid 10 mm
24hr
Normal
Normal
Flamenbaum [53] Xenon washout Uranium, 10mg/kg 6hr
24 hr
36% decrease
77% decrease
Daugherty [48] Micropuncture Partial isehemia 1 hr 40% decrease
(single nephron)
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change. The assumption that a 20% weight gain is
distributed evenly through both the cortex and me-
dulla rather than pertaining to the cortex alone
would, however, underestimate cortical blood flow
by only 11%. Evidence for the validity of measure-
ments performed with this technique is found in the
constant correlation between cortical blood flow so
measured and the values derived from direct mea-
surement of the renal venous blood flow at cortical
flows ranging from approximately 4 to 8 mI/mm X g
of cortex (Fig. 1). Assuming cortical blood flow to be
90% of total blood flow and the cortex to represent
70% of the renal mass, however, cortical flow mea-
sured with hydrogen electrodes was some 20% higher
than that calculated from the venous cannulation
values. Gomori and co-workers have reported that
para-aminohippurate (PAH) clearances fall by some
38% as a result of venous cannulation [42]. Qual-
itatively similar results were reported by Bull and
Metaxas [43] and Balint, Fekete, and Sturcz [44], an
effect they attributed to the presence of the cannula
and the attendant renal vein manipulation [43]. Addi-
tionally, renal wt and the volume of fluid drained
from excised kidneys were significantly lower after
renal venous cannulation than in animals not sub-
jected to venous blood flow measurement (Table 2),
suggesting a vasomotor response to renal vein can-
nulation. There is, thus, no need to attribute the
difference in values obtained with the two methods in
the present study to an exaggeration of blood flow
produced by the hydrogen washout technique. In-
deed, the reproducibility of values obtained in nor-
mal rats and the virtual identity of values obtained
with paired electrodes within the same kidney in-
dicate that any distortion of blood flow caused by the
introduction of electrodes must be either minimal in
degree or remarkably constant.
Both the inulin clearance and renal cortical blood
flow values of control rats in the present study were
some 30% higher than those found in a previously
published report from this laboratory [10]. The rea-
son is obscure, but may relate both to inherent differ-
ences between groups of rats and recent refinements
in technique. More importantly, while cortical blood
flow 12 and 24 hr after glycerol injection was only
one-fourth of control in the earlier series [101, it rose
to approximately 85% of control in this study. Part of
that discrepancy doubtlessly relates to the fact that
the previous values were not subjected to a weight
correction for the induced change in cortical mass
and were thus probably some 20% low. Glycerol in-
jection produces a wide variation in the degree of
renal failure obtained [11], and it is possible that the
factors responsible for the lower control blood flow
and GFR values in the earlier study [10] predisposed
to more severe vasomotor alterations after glycerol
injection. Indeed GFR was maintained at 16% of
control in the present glycerol experiments, while it
was immeasurably low in the others [10]. It is evident,
however, that saline protection observed earlier [10]
was not due to sustained cortical blood flow, since
equivalent maintenance of blood flow in water drink-
ing rats in this study was associated with a far greater
depression of GRF.
•Except for the marked ischemia which persisted for
several hours after the onset of myohemoglobinuria,
renal cortical blood flow was remarkably well main-
tained in all the acute renal failure models studied in
this protocol. Whole kidney blood flow measured by
venous cannulation was in excellent qualitative agree-
ment with the cortical blood flow values obtained.
Thus, cortical flow was reduced by only 10 to 25% 12
and 24 hr after glycerol injection and for the first 12
hr after the release of renal arterial clamping. Entirely
normal blood flow values were obtained in rats stud-
ied 24 hr after renal ischemia or high-dose mercury
poisoning, and the cortical blood flow of rats given
4.7 mg/kg of body wt of mercuric chloride was some
one-third higher than control. Whether cortical
blood flow was low, normal, or supernormal, how-
ever, whole kidney glomerular filtration rates univer-
sally were grossly depressed.
In the past, the existence of normal renal blood
flow in dogs with uranium-induced [45, 461 and other
forms of acute renal failure has been taken as evi-
dence for continued filtration and nearly total, non-
selective, passive absorption of the filtrate formed.
Micropuncture studies on dogs by Stein et a! [46]
support that thesis, while studies by Flamenbaum
and co-workers do not [47]. Although some degree of
passive leakage [19, 21, 29] or even quantitative ab-
sorption of filtrate [20, 31] has been reported in stud-
ies of rats with mercury-induced and ischemic renal
failure, most micropuncture studies of the models
studied here have documented the virtual absence of
glomerular filtration [11-15, 21, 29, 30, 32, 34, 35]. It
is thus evident that, in the rat at least, virtually com-
plete filtration failure may coexist with normal renal
cortical blood flow.
In attempting to interpret the disparity between
filtration and blood flow in this and prior blood flow
studies (Table 3), it is convenient to view the data in
the light of the physical forces involved in the forma-
tion of glomerular filtrate. Glomerular filtration is a
function of the net transglomerular hydrostatic pres-
sure (the difference between mean glomerular
capillary and intracapsular pressures), mean colloid
pressure, and glomerular capillary hydraulic con-
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ductivity. According to Ohm's Law, glomerular ca-
pillary pressure is determined by the preglomerular
arteriolar resistance and the rate of blood flow across
that resistance at a given mean arterial blood pres-
sure. Cortical blood flow, in turn, is determined by
the arterial blood pressure and the sum of the pre-
and postglomerular resistances in series. Thus, as dis-
cussed by Finckh [48], normal blood flow might be
maintained despite a marked rise in preglomerular
resistance if the postglomerular resistance decreased
correspondingly to keep total vascular resistance con-
stant. Such an increase in preglomerular resistance
with well maintained blood flow would, however,
have a profound effect on glomerular filtration. Al-
ternately, filtration failure might relate to grossly re-
duced glomerular capillary permeability. Moderately
decreased glomerular hydraulic conductivity has in-
deed been found early in uranium poisoning by
Blantz [22], although Daugherty and co-workers
found no comparable change in a mild variant of the
ischemic model [49]. It seems doubtful that filtration
would be seriously affected by this mechanism in
either the ischemia model used here or in low-dose
mercury poisoning, however, since filtration in both
these models can be promptly restored toward nor-
mal by venting the tubules with a micropipet [29, 31,
35] or by washing out obstructive debris [35]. Both
myohemoglobinuria and high-dose mercury poison-
ing, on the other hand, are characterized by decidedly
low proximal tubular pressure and an absent flow
with tubular collapse [11, 30]. Pressures fall progres-
sively and in parallel with the decrease in glomerular
filtration in the developmental phase [11, 30], ruling
out mechanical obstruction as the direct cause of
filtration failure. Whether reciprocal changes in reno-
vascular resistances, low glomerular capillary per-
meability, or both contribute to filtration failure in
these particular models, however, will have to be
determined by direct measurement of individual vas-
cular resistances and hydraulic conductivity.
The essentially normal cortical blood flow in the
various rat models studied here contrasts so sharply
with the findings in human acute renal failure that
one must wonder about their validity as suitable ana-
logues of the syndrome found in man. Hollenberg
and Adams [50] and Ladefoged and Winkler [51]
have shown, however, that renal cortical blood flow
in human acute renal failure can be brought toward
normal by infusions of vasodilator agents without
any demonstrable change in glomerular filtration.
Further studies are in order, therefore, before consid-
ering abandoning the rat as the subject for in-
vestigation into the pathogenesis of acute renal fail-
ure.
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